Introduction snoRNAs in trypansomes. Non-coding RNAs (ncRNA) are RNA molecules that function without being translated into a protein. One of the largest classes of ncRNA is known as snoRNA (small nucleolar RNA), named such as they are localized within the nucleolus. The snoRNA class is compromised of two major families, C/D and H/ACA. These snoRNA serve as guide RNAs for 2'-O-methylation and pseudouridylation of specific nucleotides, respectively. snoRNAs guide their specific modification by base pairing to the target RNA. The modification itself is not RNA-catalyzed, but rather is carried out by an enzyme, pseudouridine synthase (Cbf5p), in the case of pseudouridylation. 1 The majority of these guide RNAs are responsible for the post-transcriptional modification of ribosomal RNAs (rRNA) and in some cases of snRNAs (small nuclear RNAs). These ribosomal modifications are crucial for protein synthesis and fidelity and govern the sensitivity to ribosome-based antibiotics. [2] [3] [4] [5] [6] [7] In most eukaryotes, the pseudouridylation guide snoRNAs consist of two hairpins, a 5' hairpin followed by a single-stranded H-box (ANANNA, where N stands for any nucleotide) and a 3' hairpin followed by an ACA-box. The snoRNA's pseudouridylation pocket consists of two short sequences that are complementary to the flanking rRNA sequence of the uridine to be converted. The target uridine base, which undergoes pseudouridylation, is found 14-16 bp upstream from the H or ACA box. In some cases, the same H/ACA can actually guide modification of two targets using the two pseudouridylation pockets 8, 9 (Fig. 1B) , although it is not clear whether the modification on the different sites are taking place simultaneously. The tertiary structure of the single-hairpin H/ACA in Archaea has recently been solved along with its associated protein complex. 10 In Trypansomes only single-hairpin H/ACA molecules have been discovered. In addition, the terminal box is AGA instead of the canonical ACA (Fig. 1A) . [11] [12] [13] Because of these changes in some publications these molecules are referred to as "H/ACA-like". In this manuscript, as Trypanosome H/ACAs operate in a similar fashion to their double-stem counterparts, we will refer to them simply as H/ACA. Since the discovery of single stem H/ACA molecules in Trypanosomes, similar single hairpin RNAs have been discovered in Archaea 14, 15 and Euglena. 16 In Archaeal H/ ACA RNAs, a kink-turn (K-turn) motif is also present at the base of the apical loop, 17 such a motif is not present in Trypanosome H/ACAs.
Genomic organization. The genomic organization of trypanosome snoRNAs most closely resembles that of plants. snoRNAs are found in clusters and processed as long polycistronic transcripts. Most clusters carry a mixture of both C/D and H/ACA RNAs. Many clusters are repeated several times in the genome, and often in tandem on the same chromosome. 5 Importance of trypanosomes. Trypanosomatids are unicellular protozoa parasites causing a variety of human diseases such as African sleeping sickness (T. brucei), Chagas disease (T. cruzi) and Leishmaniasis. T. brucei is also responsible for a fatal cattle disease (Nagana) that is spread via the tsetse fly. It is estimated to affect 50 million cattle and is devastating Africa's economy. Chagas disease affects an estimated 18 to 20 million people in Central and South America. Acute Chagas' disease is lethal, especially for children, and chronic chagas' debilitates patients for years. Leishmaniasis affects the populations of 88 countries worldwide with symptoms ranging from disfiguring cutaneous and muco-cutaneous lesions that can cause widespread destruction of mucous membranes to visceral disease affecting the haemopoetic organs. 18 Trypanosomes have been used as model organisms for many years. During these years, trypanosomes have contributed much to the scientific community. The processes of RNA editing and transsplicing were first discovered in trypanosomes. [19] [20] [21] RNA editing has since been discovered in many other organisms including humans. Basic research is essential for our understanding of these parasites, in terms of their basic biology since these organisms diverged very early in the eukaryotic lineage and also because better understanding of these organisms will lead to developments of new treatment and possible vaccinations.
Current repertoire. Currently, a total of 85 H/ACA molecules are known in the two fully sequenced trypanosomatid species, Trypanosoma brucei and Leishmania major (46 and 39 respectively). Initially, 34 H/ACA snoRNA molecules, that guide 32 pseudouridylations, were identified in Trypanosoma brucei 12 and 37 H/ ACA snoRNAs that can potentially guide 30 pseudouridylations were identified in Leishmania major. 13 Recently, Psiscan, a computational tool for genome-wide detection of H/ACA molecules in Trypansomatids was developed. 22 This study identified 12 novel H/ACA molecules from Trypanosoma brucei and two from Leishmania major.
Trypanosomes possess a unique H/ACA RNA, the splice leader associated RNA (SLA1). 23 Recently, it was demonstrated that although this RNA guides pseudouridylation on SL RNA its main function is not the pseudouridylation per se, rather it is important for properly folding SL RNA into its distinct structure. 24 scaRNA, which are hybrid C/D and H/ACA molecules have not yet been identified in trypanosomes. Similarly, telomerase RNA, which in many eukaryotes particularly metazoan is also an H/ACA RNA, has not been identified in trypanosomes.
Estimated number of pseudouridinylations. While the complete set of 24 H/ACA snoRNAs that guide 44 pseudouridylations in yeast was identified, 25 the number of pseudouridines on the rRNA of trypanosomatids is currently unknown as the modifications on ribosomal RNA were only partially mapped. 12 It has been estimated that about 70-80 pseudouridine sites should exist on the rRNA of T. brucei. 22 Thus, only about 50% of the expected repertoire of H/ACAs guiding these modifications has been identified to date.
Results
Conservation and taxonomic distribution. The degree of conservation of the H/ACA snoRNA varies among the different trypansomatid species. The mean pair-wise sequence identity among the H/ACA snoRNAs in T. brucei is 37.9%, thus making it impossible to use a program such as BLAST to identify other members of the family within the same organism. Figure 2 presents the conservation across the seven trypanosomatid for each of the published H/ACA snoRNAs in T. brucei. The identity between the orthologous molecule (we considered two H/ACA from different species to be orthologous if they have the same target on the rRNA) between L. major and T. brucei ranges from 48.4% to 73%. The identity between T. cruzi and T. brucei ranges from 54.3% to 81%. BLAST was successful in finding orthologs in L. major (20) and T. cruzi (32) of the 45 H/ACA snoRNAs in T. brucei.
The Infernal suite was used to search for orthologs not found using BLAST. In general, BLAST failed to identify those orthologs whose overall similarity was less than 65%. Using Infernal we were able to find orthologs for 15 and 6 H/ACA snoRNAs in L. major and T. cruzi respectively. T. brucei gambiense is a very close relative of T. brucei and share a high overall similarity. As expected, H/ACA snoRNAs show an extremely high conservation between them. The clustering of the genomes by the level of H/ACA conservation to T. brucei is in agreement with phylogenetic trees constructed based on 18S rRNA. 26 It is important to note that at the current time the sequencing of genomes some of the genomes are not complete, and even for the genomes there is still gaps in the sequence. Thus, some of the missing snoRNAs may reside in regions of the genome which were not sequenced yet and not due to evolutionary selection.
Starting from the T. brucei repertoire, 26 of the 39 L. major known H/ACAs were found as homologs. The remaining 13 were used as seeds for a reciprocal search in T. brucei using infernal. This search yielded two new H/ACAs in T. brucei orthologs of LM26Cs2H2 and LM34Cs1H1. Conservation of the H/ACA is concentrated in certain areas of the structure. The most conserved parts of the H/ACA are the pseudouridylation pocket and the external stem flanking the pocket. Some compensatory changes exist in the external stem, but the apical loop can tolerate many changes. An example (Fig. 3) of one H/ACA illustrates this conservation pattern.
Several attempts to align all 45 H/ACA snoRNAs did not yield a common structure. Although all H/ACA in Trypanosomes are expected to fold into a prototype structure, our efforts to obtain a unified structure using programs like the WAR server and CMALIGN did not yield a consensus structure. Thus we conclude that the H/ACA molecules share a common global structure but variations exist among the local features (e.g., longer inner stem or apical loop). Indeed this is supported by experimental analysis on mutated H/ACA RNA. 22 Stockholm format text files of these alignments are provided in the Supplementary Material for all H/ ACAs that are conserved in at least four genomes.
The Infernal suite was used to screen the T. brucei genome for additional novel H/ACA molecules. Two approaches were attempted, but neither was successful. The first was the creation of a consensus alignment and covariance model from all the 46 published H/ACA sequences. As described above, we were unable to build a common structural alignment. The second used only a single group of orthologous H/ACA snoRNA from several genomes to build the covariance model. This covariance model was only successful in returning the corresponding snoRNA, but was unable to detect novel H/ACA molecules.
Discussion
Evolutionary considerations. snoRNAs are an ancient acquisition of the eukaryotic cell as trypanosomes are among the deepest branches of the eukaryotic lineage. 27 To date, there has not been any evidence to support the existence of modification guide RNAs in Eubacteria. sRNAs (homologues to snoRNA) have been found in Archaea, indicating that the snoRNA-based modification system was present in the common ancestor of Archaea and Eukarya. 28 Interestingly, Archaea, the most ancient organism possessing such guide RNAs, have both double and single stem H/ACAs. The single-stem H/ACA molecule exhibits some resemblance to its double-stem counterpart. Aside from sharing the same function of guiding the process of pseudouridylations, several other features seem to correspond. It was suggested that eukaryotic double-stem H/ACA arose as a result of a fusion of the single-stem H/ACA. 29 The double-stem H/ACA molecule appears to be a concatenation of two single-stem H/ACAs with an H-box in the middle. The AGA-box is reminiscent of the H-box, and even the distance between the A[C/G]A-box and the pseudouridinylation pocket are in agreement. It has also been noted that about 94% of the known H/ ACA in T. brucei contain an A prior to the start of the outer stem, 12 suggesting that perhaps the A is the initial inception of the H-box. Furthermore, the finding that each hairpin of the double H/ACA binds independently to a protein complex supports this hypothesis as well. 30 We note however that the fact, mentioned above, that Archaea have both single and double stem H/ACA molecules is not consistent with the idea that double stem H/ACA have evolved Red represents the level of conservation. The darker the red the more highly conserved the snoRNA. Black represents a zero value which means that an ortholog was not detected.
The family of H/ACA ncRNA molecules in trypanosomatids
The model was then used to search the other genomes to find orthologs using the CMSEARCH program. A similar analysis was performed looking at the H/ACA molecules in L. major which had no previously discovered ortholog in T. brucei.
Secondary structure predictions. Each family was analyzed individually by the Webserver for Aligning Structral RNA (WAR web server: http://genome.ku.dk/resources/war/). 39 The WAR server is a metaserver that takes as input a set of unaligned RNA sequences and runs multiple RNA secondary structure prediction programs (CMfinder, 40 FoldalignM, 41 LaRA, 42 LocARNA, 43 MASTR, 44 MXSCARNA, 45, 46 RNASampler, 47 RNAcast 48 + RNAforester, 49 Clustal 50 + Pfold, 51 Clustal + RNAalifold, 52 MAFFT 53 + Pfold, and MAFFT + RNAalifold) and then creates a consensus alignment and structure. The Stockholm format is one of the available output formats.
RNA secondary structure draw program. RNAplot of the Vienna package 54 was used to draw the RNA secondary structure when manual changes to the Stockholm file produced by the WAR server were necessary.
Heat map creation. Cluster 55 and Tree view 55 were used to cluster and visualize as a heat map the conservation of snoRNAs across the Trypanosomatids. The agglomerative hierarchical clustering using the average linkage method was implemented on the data where each row represents a snoRNA and each column a Trypanosmatid species. The conservation heat map and dendrogram were created using Tree View. from single stem H/ACA along the eukaryotic lineage. Furthermore, Giardia, a very ancient eukaryote, possesses a double hairpin snoRNA harbouring ACA boxes. 31 Thus, further evolutionary studies within the Archaea lineage are necessary in order to trace the evolution of these molecules.
Where are the missing H/ ACA molecules? A genomic search for H/ACA RNAs is severely limited because of the single hairpin structure, the short motif (AGA), as well as the short complementary sequences that are bipartite instead of a single continuous anti-sense element. Two approaches have been utilized for H/ACA discovery in Trypanosomes. Liang et al. 12 identified those found in clusters with other snoRNAs. Myslyuk et al. 22 used comparative genomics to screen for those with H/ACA structural features. To date, however about 50% of the expected repertoire remains elusive. These unaccounted for H/ACA molecules may be solitary or contain unusual structural features. Deep sequencing of H/ACA enriched libraries may be the only way to enable the discovery of the full repertoire of H/ACA snoRNAs.
Materials and Methods
Data source. Seed sequences. The repertoire of 34 H/ACA snoRNA sequences was extracted from Liang et al. 12 in T. brucei as well as the 12 H/ACA molecules from T. brucei from Myslyuk et al. 22 Similar data for 37 H/ACA sequences in L. major were taken from Liang et al. 13 and 2 H/ACA sequences from Myslyuk et al. 22 Trypanosmatid genomes. T. brucei (v4), 32 T. cruzi (v4) 33 and L. major (v5) 34 Homology searching. Orthologs of the 45 published H/ACA were found using WU-BLAST 2.0 (blastn). 35 Any hit regardless of its e-value was accepted on condition that that the hit covered 90% of the length of the query, and that the target sequence as well as the AGA box was conserved. Pair-wise global identity was re-measured using the NEEDLE program from the EMBOSS suite with a gap open penalty of 10 and a gap extend penalty of 0.5. 36 The Infernal suite version 1.0 (http://infernal. janelia.org/) 37,38 was used to search for orthologs not found using BLAST. First, a covariance model was built using CMBUILD, run on a manually annotated Stockholm structure of the T. brucei sequence. CMCALIBRATE was then applied to the model in order to estimate the statistical significance of each hit in a database search. 
